Krogh in 1912 (1) postulated the necessity for a large capacity venous reservoir capable of quickly delivering an autotransfusion of blood into the right heart during exercise, particularly in upright man, where Krogh felt venous return may at times be inadequate. Bock and co-workers (2) in their classical work reasoned that increased blood flow to working muscle, related in part to local vasodilation, must be partially effected by decreased splanchnic blood flow. Since the splanchnic region receives 20 to 25% of the total left ventricular output but extracts only 10 to 25% of the available oxygen (3), the splanchnic bed is ideally suited for rapid correction for any residual inbalance between left ventricular output and peripheral distribution of flow.
Krogh in 1912 (1) postulated the necessity for a large capacity venous reservoir capable of quickly delivering an autotransfusion of blood into the right heart during exercise, particularly in upright man, where Krogh felt venous return may at times be inadequate. Bock and co-workers (2) in their classical work reasoned that increased blood flow to working muscle, related in part to local vasodilation, must be partially effected by decreased splanchnic blood flow. Since the splanchnic region receives 20 to 25% of the total left ventricular output but extracts only 10 to 25% of the available oxygen (3), the splanchnic bed is ideally suited for rapid correction for any residual inbalance between left ventricular output and peripheral distribution of flow.
The experimental evaluation of the influence of exercise on splanchnic blood flow, however, has produced conflicting results. Herrick, Grindlay, Baldes, and Mann (4) , and more recently Rushmer, Franklin, Van Citters, and Smith (5) did not find a decrease in splanchnic blood flow in dogs undergoing an intensity of exercise far below their maximal capacities. Also plethysmographic studies in man by Sj6strand (6) led him to conclude that intrathoracic rather than splanchnic blood depots are functionally important in exercise.
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nic blood flow do occur in man during mild supine exertion. Although Lowenthal, Harpuder, and Blatt (9) did not obtain evidence for diminished splanchnic blood flow during exercise with the BSP extraction method, the method as applied by these workers was too insensitive to detect any but very large changes. Further evidence regarding splanchnic blood flow during exercise comes from measurements of hepatic arteriovenous (a-v) oxygen difference in normal subjects (10) and in cardiac patients (11) . These studies indicate that considerable decreases in splanchnic blood flow occur during moderately heavy exercise in the supine posture particularly in cardiac patients with a severely impaired cardiac output response to exercise. The purpose of the present study was to explore the applicability of a simple and indirect means of assessing changes in hepatic blood flow with exertion and to assess the extremes of these changes during maximal or near maximal exertion in upright man. Heretofore investigations of splanchnic blood flow in exercising man have been carried out using mild to moderate exercise in recumbency; however, cardiovascular responses during exercise in this posture are fundamentally different from those in upright posture (12) . Indocyanine green dye (ICG) was used since it is extracted exclusively by the liver (13) (14) (15) . Changes The subjects exercised on a motor-driven treadmill in an air conditioned room maintained at 780 ± 2°F and a relative humidity of 55 to 65%. Several days before an experiment the subjects worked at each intensity (and duration) to be employed in the study. Oxygen intake and heart rate were determined at this time, thus familiarizing the subject with these details of the procedure. The maximal oxygen intake was determined by the procedure of Taylor, Buskirk, and Henschel (17) .
Plasma disappearance of ICG. All experiments were carried out in the morning with the subjects allowed only fruit juice and black coffee at breakfast. Two 50-cm, Lehman no. 5, thin-walled catheters were introduced percutaneously or by venous cut-downs as necessary at the antecubital fossa of one arm. The tip of the injection catheter rested in the cephalic vein above the mid-portion of the upper arm. The withdrawal catheter extended via the median cubital vein into the axilla.
The subject was seated in a chair, and 10 minutes after a priming dose of ICG, sufficient to fill the catheter, a 15-ml sample of blood to be used as a zero-absorbancy reference (blank) and for standard curves was taken. Immediately afterward 12.5 mg of ICG was injected from a calibrated 5-ml syringe. Thereafter, 3-ml samples of blood were taken at precisely timed intervals for 12 minutes after an initial 3-to 4-minute delay.
Ten minutes later the subject was positioned on the treadmill with the catheterized arm resting on an armboard to minimize support. Heart rate was monitored by electrocardiogram, and expired air was collected through a low resistance Collins "triple j valve" (resistance, 2 Except at near maximal exercise, the subject walked on the treadmill at 3.5 miles per hour (mph) at various grades for 44 minutes at which time the blood sample to serve as spectrophotometric blank was obtained. At the fifth minute of exercise 12.5 mg of ICG was injected, and 3-ml blood samples were withdrawn every 2 minutes thereafter for 10 minutes. After exercise the subject rested 20 to 25 minutes, and the same procedure was repeated at a higher level of exercise. Two men repeated the same level. At higher levels of exercise, where subjects ran at 7 mph on appropriate grades, which were exhausting in less than 15 minutes, the sample of blood to be used as a spectrophotometric blank was taken after 1 to 14 minutes of exercise. Dye was then immediately injected, after which additional samples were taken every 1 or 2 minutes depending upon the anticipated duration of exercise.
Blood loss usually ranged from 90 to 120 ml during a single experiment, and the largest single loss was 220 ml. The total volume of isotonic saline injected ranged from 100 to 150 ml. Initially the studies required that 6-ml samples be taken so that a third level of exercise was not studied in those subjects. The men were given water ad libitum; no weight loss was observed during the experiment. No subject was studied again within 3 weeks after an experiment.
After withdrawal into heparinized syringes, blood samples were centrifuged at 1,000 X g for 30 minutes and afterwards analyzed spectrophotometrically in a Beckman DU spectrophotometer at 805 mg. Lipemic serum from two subjects who ate breakfast was cleared by ultracentrifugation (1,000,000 g-minutes) to obtain clear serum below the suspended chylomicrons. A known dye concentration of approximately 3 mg per l was prcpared in a samnple of plasmia, and from it successive dilutions of 1.5 and 0.75 mg per L. This was done for each subject, using a sample of dye from the injection reservoir that contained approximately 75 mg of dye in 30 ml of solvent. The standards were read against the subject's plasma blank, and each blank was read against water.
Estimated hepatic blood flow (EHBF). Estimates of hepatic blood flow were obtained by the single-injection method described by Wiegand, Ketterer, and Rapaport (18) and Caesar and co-workers (15) . A 120-cm no. 6, venous Cournand catheter was wedged into a right hepatic vein under fluoroscopic guidance. The catheter was retracted just sufficiently to allow free withdrawal of blood and yet remain well into the hepatic vein (3 to 5 cm). Care was taken to see that the catheter tip remained in the hepatic vein during maximal respiratory excursions. When the catheter was in a wedged or nearly wedged position, a 2-to 3-ml injection of saline produced right upper quadrant discomfort in all subjects; this procedure proved useful in determining the position of the catheter tip. A Cournand needle was placed in the radial artery, and an ICG injection catheter was introduced as described above. All catheters were in the same arm.
The studies were carried out exactly as those outlined above with two exceptions: resting measurements were conducted with all but two of the subjects supine; the injected dye dose was 25 mg in subjects JA and GJ and t678 31 .3 mg in the remaining subjects. In no case was the exact quantity of dye injected known, since the weight of dye in several vials was found to vary from 25 to 29 mg. However, only differences in absorbency between the two sampling sites and their changes with time are required for use of this method. Changes in plasma volume could be roughly estimated from the slope of ICG concentration extrapolated to zero time when variations in volume or concentration of injected dose were known not to occur.
Hepatic venous samples were half-drawn 10 to 15 seconds after the mid-point in volume of arterial sampling. This was done to correct for the transit time of blood across the hepatic sinusoids. At the end of exercise the position of the catheter tip was again viewed by fluoroscopy as a second check on its position in the hepatic vein.
Hepatic a-v oxygen difference. Blood samples were taken simultaneously from the radial artery and hepatic vein immediately after the final resting and exercise ICG clearance sample. The oxygen content was determined by the manometric method of Van Slyke and Neill.
Calculations. Plasma ICG concentrations were plotted against time on a semilogarithmic scale from which the half-life (ti) of ICG in plasma and the disappearance rate constant or fractional clearance rate (K) were derived. The constant K was calculated from loge2/ti derived from the more familiar form log.C1 -log.C2/tl-t2, when tl -t2 tj and represents the fraction of the total quantity of injected dye that disappears from the plasma in 1 minute, or alternatively, the fraction of the plasma volume cleared in 1 minute. The percentage of the resting value for ICG clearance is most simply expressed as (tj,/tj.. X 100), where ties and tor represent exercise and resting values, respectively, for ICG half-life.
The arterial-hepatic venous plasma extraction ratio (E) was calculated from the form Ao -AObh,/Ao., where Ao. and Aohv are arterial and hepatic venous absorbancy (or concentration, since either may be used) extrapolated to zero time. Plasma clearance (milliliters per minute) was calculated from the disappearance rate constant (K) times estimated plasma volume, or 45 ml per kg times body weight, the 45 ml per kg being selected from several sources (19) . The EHPF was calculated from plasma clearance/E and the EHBF from EHPF/1-hematocrit. The percentage of the resting value for hepatic blood flow was also approximated from the following relationship: (av,/av.. X 100), where av, and av.. are the hepatic a-v oxygen difference during rest and during exercise, respectively.
Results Fractional clearance of ICG. The resting plasma clearance rate of ICG was in close agreement with the findings of others (14, 15, 18, 20) . The mean tj was 3.0 minutes (range, 2.3 to 3.7 minutes), and the fractional clearance rate (K) ercise of various intensities was 0.84 (range, 0.70 to 0.95 for 12 observations). In three subjects small decreases in the extraction ratio of ICG were observed during exercise, and in one of these men (MM) a 22% fall in extraction ratio was noted at the highest level of exercise studied (20% grade, 3.5 mph). Due to the decrease in plasma volume that occurs during exercise, percentage changes in EHBF still agreed closely with the percentage changes in ICG clearance rate in those where extraction ratio did decrease. As expected, in the five subjects who showed increased extraction of ICG during exercise, the estimates of the decreases in hepatic blood flow using only the change in the peripheral venous disappearance rate of ICG underestimated the measured decreasess in ElIBF.
The average difference between a.) percentage change in the fractional clearance rate of ICG and b) percentage change in EHBF with exercise was 8.2% (range, 20 to -5o) with b being greater than a. There was, therefore, a tendency for the peripheral sampling method to slightly underestimate the extent to which EHBF decreased during exercise.
Hepatic a-v oxygen differencc. In the five subjects used for measurements of arterial and hepatic venous oxygen content, a marked widening of the hepatic a-v oxygen difference occurred during exercise. The percentage change in hepatic blood flow estimated from avr/ave, x 100 closely paralleled the percentage change in ICG clearance rate and EHBF. The mean difference between percentage change from rest to exercise in ICG clearance slope and the percentage change in hepatic a-v oxygen difference was 8.6%o with the latter being higher (range, 19 to -1%). The mean difference between a) the percentage change from rest to exercise in EHBF and b) percentage change in hepatic a-v oxygen difference from rest to exercise was 2% (range, 10 to -12%), the change in a being greater than b. Thus, the change in EHBF with exercise was also very closely paralleled by changes in hepatic a-v oxygen difference. In the case of RC, whose EHBF decreased to 16% of the resting value during exercise, which was severe for this subject, the hepatic venous oxygen content fell from 16.00 ml per 100 ml at rest to 0.99 ml per 100 ml during exercise.
T'he estimated mean splanchnic oxygen uptake at rest (Table II) was 68 ml per minute (range, 104 to 41 ml per minute), and during exercise the mean value was 69 ml per minute (range, 87 to 44 ml per minute).
The product of arterial oxygen content during exercise and the volume of blood shunted away from the hepatic bed (i.e., resting less exercise EHBF) provides an estimate of increased oxygen transport to other regions. The values (Table II) ranged from 128 to 429 ml oxygen per minute.
Discussion
In an excellent discussion of the concept of hepatic clearance, IFauivert (21 ) have shown that in dogs (13, 22) , in humans (13) (14) (15) , and in other animals (13) ICG, unlike BSP, is cleared exclusively by the liver. Indeed, the peripheral clearance of ICG has been shown to be a sensitive and reliable index of hepatic function in resting man (14, 15, 18, 20) .
During exercise, however, there are possible extrahepatic routes of removal of ICG. The dye combines immediately with serum albumin, which passes rapidly with other proteins through capillary walls during exercise (23) . However, according to De Lanne, Barnes, and Brouha (24) the filtered albumin is rapidly returned to the circulation because of accelerated lymph circulation during exercise, precluding any net loss of albumin from the blood. The result is an extrahepatic circulation of ICG that is probably quantitatively very small. To offset the initial changes in albumin concentration, in plasma volume, and in plasma optical density (25) , a period of 41 minutes after the start of exercise and before the pre-injection plasma blank was drawn was provided in the experimental design. The major volume shifts occur within a 5-minute period during moderate to heavy exertion (26, 27) . The uppermost slope in Figure 1 (17.5% grade, 3.5 mph) indicates an initial nonlinearity of the ICG disappearance slope if injection or sampling, or both, are started too soon after the onset of exercise. The fact that the disappearance of ICG follows first-order kinetics, after the initial alterations in volume and concentration, argues against the possibility of either significant extrahepatic circulation or of changing hepatic flow with time under these experimental conditions.
Although no ICG is lost into urine during resting measurements (14) (15) (16) , during exercise considerable quantities of albumin may be lost in urine (28) . In checking urine samples of two subjects at the end of a study, no evidence of the dye was found in urine that was made up to a 5 % solution with human serum albumin to stabilize any ICG (14, 15) .
Although the large and consistent changes during exercise indicate a marked impairment of hepatic capacity to remove ICG from blood, there is no way of differentiating from these data any changes due to hemodynamic factors from those due to altered hepatic cellular function. By definition, clearance of a substance from any organ depends upon blood flow through the organ and the removal efficiency (extraction ratio) for that substance.
There are reasons for assuming that the hepatic extraction efficiency for a substance such as ICG would increase during severe upright exercise, since alterations such as abdominal compression (29, 30) , orthostasis (30, 31), syncope (31) , and mild supine exercise (7, 8) , which decrease hepatic blood flow, increase the extraction efficiency for BSP. This is logical, since blood remains for a longer period in the hepatic sinusoids. Brauer (32) has shown in the isolated rat liver that BSP extraction efficiency bears an inverse relationship to tissue perfusion rate. Even generalized hepatic ischemia has little influence on BSP extraction efficiency (29, 32) . It is reasonable to assume that ICG and BSP are handled similarly, for despite their removal by different hepatic mechanisms (14) the two substances are cleared and extracted similarly with respect to time in the same individual with impaired hepatic function (14, 15) .
Experimentally, however, extraction efficiency is difficult to measure accurately. The major difficulty is one of obtaining hepatic venous sam- ples. Since "hepatic venous blood" does not exist as a pooled volume representing the mixed contents of all lobes of the liver, but rather as separate pools released into their own venous systems, truly representative samples cannot be obtained. Bradley, Ingelfinger, Bradley, and Curry (33) have shown that the variation in BSP extraction efficiency at different locations in the same liver was as great as 20% in two cases. Another important problem is the variation in hepatic venous pressure and instantaneous flow introduced by respiration. Bradley and co-workers (33) noted reflux of caval blood during heavy breathing, and they stressed the necessity of quiet breathing during the sampling period. Brauer (32) reports recent cineangiographic evidence that during quiet respiration, hepatic venous outflow is arrested during inspiration, and is maximal just before peak expiratory excursion of the diaphragm. In-(leed, even regurgitation of vena caval blood into hel)atic veins occurs in some animals during inspirat ioi (32) , indicating a positive pressure gradient from the cava to hepatic vein at this time. Also position of the catheter is critical. Although retraction of the catheter tip increases greatly the risk of caval reflux into the catheter, advancement of the catheter to wedge position in a hepatic vein results in increased oxygen content of withdrawxn blood (32) . In this situation deflection of portal flow to adjacent regions results, as evidenced lby detection of substances injected into the hepatic artery and failure to detect all but minute quantities injected into the portal route (32) .
Regardless of whether the indicator is ICG or oxygen, the extraction efficiency is likely to be underestimated either when the catheter is too deeply wedged, or when it is too close to the caval orifice of the vein. The irregularity of hepatic venous concentration of ICG seen in several of our experiments ( Figure 5 ) may have been the result of one or several of the problems stated above. The results from RC are a case in point. This subject showed an extraction efficiency for ICG while at rest that was very low, 47% ( Figure 5 ). If a line parallel to the resting arterial slope were drawn through the first and final points where extraction at rest was greater, efficiency would increase from 47 to 72%. However, the four points through which the slope was drawn show the same ICG concentration-time relationship that was found in arterial blood. This would make a random dilution from caval blood seem unlikely. The variation in extraction efficiency during rest and exercise might be accounted for by an excessively deep hepatic venous wedge, since sampling from this individual was frequently difficult. Despite this variation, however, there is little question that hepatic extraction of ICG was higher during exercise; (extraction efficiency ranged from 88 to 94% and averaged 92%o). A similar problem, although less marked, occurred during the first exercise study with LP and was resolved in the same manner. After slight retraction of the catheter, a repeat exercise study with the same work intensity provided a perfect set of slopes and close agreement with the EHBF of the first test. Studies on two other subjects were dis-carded because of obvious dilution of hepatic venous blood with caval blood.
The single injection technique has never been employed for the study of EHBF during exercise, but has been employed at rest, where it was shown to provide results corresponding closely to those obtained by the constant infusion technique in the same individuals (15, 20) . In theory neither is superior, since one simply provides an integral (constant infusion) and the other a differential. The single injection technique has the advantage of requiring only the fractional clearance rate of ICG and the extraction efficiency for the dye. Also no long period for equilibration of dye is needed, and repeated determinations are possible with less risk of saturating the hepatic extraction mechanism for the dye. The method has the disadvantage of requiring that plasma volume be known. As in earlier studies (33) a figure representative of the per kilogram plasma volume was selected, since the principle aim of this study was to assess only changes in hepatic blood flow. Accordingly, it became necessary to add an additional approximation to this study; namely, the decrease in plasma volume resulting from exercise. It was possible to select from a literature source (34) carefully determined values of plasma volume decreases during an intensity of exercise (8.6% grade, 3.5 mph) close to the lowest intensity employed in this study (10%o grade, 3.5 mph). Additional investigations provided clues as to probable decreases at higher levels of exercise (27, 34, 35) . Despite the rather close agreement in this study of the mean value for plasma volume with the findings of others (19) and, as well, the average change with exercise (10% grade, 3.5 mph) (34), the wide variability observed (due principally to variation in the injected dose of dye), discouraged the individual use of this estimator of plasma volume or changes therein. Others, however, have shown the validity of estimates of plasma volume using a single injection of ICG (15, 18) .
Despite the problems inherent in the methods, particularly during severe upright exercise, the results (i.e., changes in EHBF, hepatic extraction efficiency, and hepatic a-v oxygen difference) of this study were consistent during rest (14, 15, 18, 20) and mild exercise with the findings of Bradley (7) and Wade and associates (8) . In addition, derived values for splanchnic oxygen uptake during rest and exercise agreed quite closely with the findings of these investigators (7, 8) . Furthermore, they supported the conclusion of Wade and his colleagues that splanchnic oxygen uptake is not significantly altered during exercise. Parenthetically, the latter finding may provide some physiologic basis for the time-honored procedure of assuming an unaltered metabolic rate during exercise for tissues that remain essentially at rest. This tacit assumption is inherent in the estimation of oxygen debt that is calculated from the difference between total recovery oxygen uptake less the pre-exercise resting oxygen consumption.
Although the exclusive extraction of ICG by the liver restricts its use to measurement of hepatic rather than total splanchnic blood flow, in the absence of portacaval shunting of blood the splanchnic flow is also estimated. Such shunts are known to exist in normal man (36) , but quantitatively may be in the order of 10% of the total splanchnic blood flow (37) . On the contrary, oxygen is removed by extrahepatic, portal organs; therefore, a change in hepatic a-v oxygen difference does not necessarily reflect a change in hepatic blood flow, particularly if portacaval shunting is quantitatively significant. Since the changes in hepatic a-v oxygen difference agreed on the average to within 2% of changes in EHBF, portacaval shunting was not significantly altered in proportion to total portal flow during exercise, and therefore changes in EHBF must be closely equivalent to changes in total splanchnic blood flow.
On the basis of the findings in this study, it is concluded that large decreases in EHBF and total splanchnic blood flow do occur in normal men during moderate to severe upright exercise. Be (3) . The levels of work or metabolism, or both, at which these changes in hepatic blood flow become very marked are closely related to the proportion of maximal oxygen consumption of the particular individual, rather than to the absolute level of oxygen intake or cardiac output, although the latter has not been examined in patients with cardiac impairment.
The relationship between ICG disappearance rate (as percentage of resting) and oxygen intake (milliliters per kilogram per minute) would be considerably less evident than it appears in Figure 3 were a larger number of endurance athletes with high values of maximal oxygen intake included. For example, MM (Table II) (Table I) , the decrease in EHBF for this subject was only 51%.
Despite the marked differences between athletes and sedentary men in EHBF at a given level of submaximal aerobic metabolism (expressed per unit of body weight), the cardiac output is the same for the two types of individuals (Table III) (38) (39) (40) . Thus, changes in EHBF with exercise are not related to differences in total blood flow in the two types of individuals, but rather to the proportional demands for oxidative metabolism.
The responsible mechanisms) for these changes in EHBF during exertion is unknown. There are in addition, however, other physiologic changes that are closely correlated to the relative oxygen intake. For example, during levels of exertion requiring approximately 50% of maximal oxygen intake, the following changes occur: Blood lactic acid concentration (41) and respiratory quotient (42) begin to show a marked rise, and heart rate (in sedentary men) (42) breaks from a linear to asymptotic relationship to oxygen intake. These alterations may be concurrent with the onset of anaerobiosis in exercising skeletal muscles that develops as work intensity is increased.
It is also concluded from this study that interpretation of circulatory and other changes relative to a level of aerobic metabolism are meaningful only when this metabolic rate is expressed as the proportion of the maximal oxygen intake of which each individual is capable. In 
